The salient feature of solid tumor growth is the strict dependence on local angiogenesis. We have previously demonstrated that IL-8 is an angiogenic factor present in freshly isolated specimens of human non-small cell lung cancer (NSCLC). Using a model of human NSCLC tumorigenesis in SCID mice, we now report that IL-8 acts as a promoter of human NSCLC tumor growth through its angiogenic properties. Passive immunization with neutralizing antibodies to IL-8 resulted in more than 40% reduction in tumor size and was associated with a decline in tumor-associated vascular density and angiogenic activity. IL-8 did not act as an autocrine growth factor for NSCLC proliferation. The reduction in primary tumor size in response to neutralizing antibodies to IL-8 was also accompanied by a trend toward a decrease in spontaneous metastasis to the lung. These data support the notion that IL-8 plays a significant role in mediating angiogenic activity during tumorigenesis of human NSCLC, thereby offering a potential target for immunotherapy against solid tumors.
Introduction
Lung cancer is the most common cause of cancer-related deaths in industrialized nations and clearly a significant public health problem (1) . While the incidence of many other malignancies has declined or remained stable, the occurrence of bronchogenic carcinoma has escalated to near-epidemic proportions. In the United States, over 150,000 new cases of lung cancer are diagnosed with an equal number of deaths attributed to this disease each year (1) . Despite effective strategies aimed at risk factor reduction (i.e., smoking cessation), the current trend in incidence of lung cancer is expected to continue well into the 21st century, with a predicted mortality rate of 53.2 deaths per 100,000 population in the 1990s (2) . Although intensive research into the biology and treatment of lung cancer has occurred over the last decade, current forms of therapy can only be expected to yield five year survival rates of less than 15% (2) . Therefore, novel approaches to the treatment of lung cancer must be developed.
The pathobiology of lung cancer is complex, involving oncogenesis, tumorigenesis, evasion of host defenses, invasion, and metastasis (3) . However, the salient feature of all solid tumor growth is the strict dependence on neovascularization. In the absence of local angiogenesis, tumors cannot grow beyond 2 mm 3 (4-6). Folkman first proposed that tumors are angiogenesis dependent, with tumor growth requiring concomitant increases in vascular supply (5) . Although there are a variety of putative mediators of angiogenesis, certain tumors have been found to produce factors which are directly angiogenic, while others may depend upon vascularization induced by products of responding inflammatory cells (7) .
IL-8, a member of the CXC chemokine family, is a potent angiogenic factor (8) (9) (10) . While IL-8 was initially discovered on the basis of chemotaxis and activation of neutrophils, our laboratory and others have found that IL-8 in vitro has endothelial cell chemotactic activity and in vivo induces neovascularization in the cornea of rats and rabbits without leukocyte infiltration (8) (9) (10) . The angiogenic activity of IL-8 is equivalent on a molar basis to other well recognized promoters of angiogenesis, such as basic fibroblast growth factor (bFGF ) 1 (8) , and is a significant angiogenic factor present in freshly isolated human non-small cell lung cancer (NSCLC), accounting for 42-80% of the overall angiogenic activity of these tumors (11) .
In this study, we extended the previous observations to assess the role of IL-8 in vivo during tumorigenesis of human NSCLC. A human NSCLC/SCID mouse chimera was employed by injecting the human NSCLC cell lines A549 (adenocarcinoma) and Calu 1 (squamous cell carcinoma) into the flanks of SCID mice. We demonstrated that tumor-derived IL-8 production directly correlated with the rate of growth of the two human NSCLC cells lines. IL-8 was not found to behave as an autocrine growth factor for the proliferation of NSCLC cells. Moreover, when IL-8 was depleted in vivo by a strategy of passive immunization with neutralizing antibodies, tumorigenesis was markedly reduced via a reduction in tumorassociated vascular density and angiogenic activity. These findings support the contention that IL-8 mediated angiogenesis is critical to tumorigenesis of human NSCLC.
Methods
Reagents. Polyclonal rabbit anti-human IL-8 sera was produced by immunization of rabbits with IL-8, (Peprotech, Rocky Hill, NJ) in multiple intradermal sites with complete Freund's adjuvant. This antibody has been previously well characterized for its neutralizing capacity (8, 9, 11) . The IL-8 anti-serum specificity has been confirmed by Western blot analysis against recombinant human IL-8 and was found to neutralize 30 ng of IL-8 at a dilution of 1:1000 (12, 13) . Furthermore, in a sandwich ELISA, this antibody is specific for IL-8 without cross-reactivity to a panel of 12 other recombinant human cytokines or the murine chemokines KC and MIP-2 (13, 14) . A549 media consisted of RPMI-1640 (Whitaker Biomedical Products, Whitaker, CA), 1 mM glutamine, 25 mM Hepes buffer, 100 U/ml penicillin, and 100 ng/ml streptomycin and 10% fetal calf serum. Calu 1 media consisted of Eagle's minimal essential media (Whitaker Biomedical Products, Whitaker, CA) supplemented with 1 mM glutamine, 25 mM Hepes buffer, 100 U/ml penicillin, 100 ng/ml streptomycin, and 10% fetal calf serum, 1% nonessential amino acids, and 1% sodium pyruvate. The "anti-protease" buffer for tissue homogenization consisted of 1 ϫ PBS with 2 mM phenylmethylsulfonyl fluoride, and 1 g/ ml each of antipan, aprotinin, leupeptin, and pepstatin A. The antiCD49b antibodies used in the FACS ® analysis of human VLA-2 were purchased from Pharmingen (San Diego, CA). Goat anti-Factor VIII related antigen antibodies were purchased from Biomeda (Foster City, CA).
Human NSCLC cell lines. The A549 and Calu 1 cell lines (American Type Culture Collection, Rockville, MD) were maintained in sterile 150-cm 2 tissue culture flasks. Cells were cultured and passaged at 37 Њ C in room air/5% CO 2 . To determine the constitutive production of IL-8, A549, and Calu 1 cells were plated in 35-mm wells, grown to 85% confluence, washed, and serum free media replaced. Conditioned media were collected at 24, 48, 72, and 96 h, centrifuged at 900 g for 10 min, and stored at Ϫ 20 Њ C until thawed for analysis by IL-8 ELISA. For proliferation assays, 5 ϫ 10 4 cells were plated in 35-mm wells and allowed to grow to 50% confluence, serum starved for 24 h, then treated with either IL-8, control or neutralizing anti-IL-8 antibodies in the presence of complete media. Cells were then trypsinized, and counted on a hemocytometer. For inoculation into mice, the cells were trypsinized, harvested, washed, and resuspended in serum-free media.
Human NSCLC-SCID mouse chimeras. 4-6-wk-old female CB17-SCID mice (Taconic Farms, Germantown, NY) with serum Ig Ͻ 1 g/ ml were injected subcutaneously with human NSCLC cells (1 ϫ 10 6 cells in 100 l) into each flank. The animals were maintained under sterile conditions in laminar flow rooms and killed in groups of six. At time of death, anticoagulated (heparin 50 U/500 l of blood) blood was collected and centrifuged. The plasma was stored at Ϫ 70 Њ C for later analysis. Tumors were dissected from the mice and measured with a Thorpe caliper (Biomedical Research Instruments, Rockville, MD). A portion of the tumor was fixed in 4% paraformaldehyde for histologic analysis and immunohistochemistry. H & E stained sections were examined under 400 ϫ magnification to quantify infiltrating neutrophils. 10 fields were examined in each of nine tumor sections from both anti-IL-8 and control antibody treated groups. Results were expressed as the number of cells per high power field (HPF; 400 ϫ ). The other portion of the tumor was snap frozen for subsequent homogenization and sonication in antiprotease buffer followed by filtration through 0.45-m filters (Acrodiscs, Gelman Sciences, Ann Arbor, MI). The filtrate was stored at Ϫ 70 Њ C for later analysis of total protein and IL-8 by ELISA. All tumor homogenates were standardized for total protein prior to lyophilization (SpeedVac, Savant) and used in the corneal micropocket model of neovascularization. The right lung was inflated with 4% paraformaldehyde, and prepared for histopathologic analysis, or processed for FACS ® analysis (CD49b) of human cell populations (A549 cells). In the IL-8 depletion studies, SCID mice received intraperitoneal (i.p.) injections of 500 l of either neutralizing rabbit anti-human IL-8, control (preimmune) serum, or no treatment, every 48 h for 6 wk, starting at the time of cell inoculation. Tumor specimens from these mice were processed as described above.
Corneal micropocket model of angiogenesis. In vivo angiogenic activity of the tumors was assayed in the avascular cornea of Long Evans rat eyes, as previously described (15) (16) (17) . Briefly, equal volumes of lyophilized tumor specimens normalized to total protein, were combined with sterile Hydron (Interferon Sciences Inc.) casting solution. 5-l aliquots were pipetted onto the flat surface of an inverted sterile polypropylene specimen container, and polymerized overnight in a laminar flow hood under UV light. Prior to implantation, pellets were rehydrated with normal saline. Animals were given i.p. ketamine (150 mg/kg) and atropine (250 g/kg) for anesthesia. Rat corneas were anesthetized with 0.5% proparacaine hydrochloride ophthalmic solution followed by implantation of the Hydron pellet into an intracorneal pocket (1-2 mm from the limbus). 6 d after implantation, animals received heparin (1000 U) of and ketamine (150 mg/Kg) i.p., followed by a 10 ml perfusion of colloidal carbon via the left ventricle. Corneas were harvested and photographed. Positive neovascularization responses were defined as sustained directional ingrowth of capillary sprouts and hairpin loops towards the implant were observed. Negative responses were defined as either no growth or only an occasional sprout or hairpin loop displaying no evidence of sustained growth.
Immunohistochemistry for interleukin-8. Tumor and lung specimens were fixed in 4% paraformaldehyde for 24 h. Paraffin-embedded tissue sections were dewaxed with xylene and rehydrated through graded concentrations of ethanol. Samples were then stained for IL-8 using a modification of our previously described technique (14) . Briefly, nonspecific binding sites were blocked with normal goat serum (BioGenex, San Ramon, California), washed, and overlaid with 1:1000 dilution of either control (rabbit) or rabbit anti-human IL-8 serum. Slides were then rinsed and overlaid with secondary biotinylated goat anti-rabbit IgG (1:35) and incubated for 60 min. After washing twice with Tris-buffered saline, slides were overlaid with a 1:35 dilution of alkaline phosphatase conjugated to streptavidin (BioGenex), and incubated for 60 min. Fast Red (BioGenex) reagent was used for chromogenic localization of IL-8 antigen. After optimal color development, sections were immersed in sterile water, counterstained with Mayer's hematoxylin, and cover slipped using an aqueous mounting solution.
Quantitation of vessel density. Quantitation of vessel density was performed using a modification of the previously described method (18) . Briefly, tissue sections were dewaxed with xylene and rehydrated through graded concentrations of ethanol. Slides were blocked with normal rabbit serum (BioGenex, San Ramon, California), and overlaid with 1:500 dilution of either control (goat) or goat anti-Factor VIII related antigen antibodies. Slides were then rinsed and overlaid with secondary biotinylated rabbit anti-goat IgG (1:35) and incubated for 60 min. After washing twice with Tris-buffered saline, slides were overlaid with a 1:35 dilution of alkaline phosphatase conjugated to streptavidin (BioGenex), and incubated for 60 min. Fast Red (BioGenex) reagent was used for chromogenic localization of Factor VIII antigen. After optimal color development, sections were immersed in sterile water, counterstained with Mayer's hematoxylin, and cover slipped using an aqueous mounting solution. A549 tumor specimens from anti-IL-8 and control antibody treated SCID mice were examined in a blinded fashion for the presence of Factor VIII immunolocalization. Sections were first scanned at low magnification (40 ϫ ) to identify vascular "hot spots." Areas of greatest vessel density were then examined under higher magnification (400 ϫ ) and counted. Any distinct area of positive staining for Factor VIII was counted as a single vessel. Results were expressed as the mean number of vessels Ϯ SEM per high power field (HPF; 400 ϫ ). A total of 30 HPFs were examined and counted from three tumors of each of the treatment groups.
IL-8 ELISA. Antigenic IL-8 was quantitated using a modification of a double ligand method as previously described (13, 14) .
Briefly, flat-bottomed 96-well microtiter plates (Nunc Immuno-Plate I 96-F) were coated with 50 l/well of the polyclonal anti-IL-8 (1 ng/ l in 0.6 M NaCl, 0.26 M H 3 B0 4 , and 0.08 N NaOH, pH 9.6) for 24 h at 4 Њ C and then washed with phosphate-buffered saline (PBS), pH 7.5, 0.05% Tween-20 (wash buffer). Microtiter plate nonspecific binding sites were blocked with 2% BSA in PBS and incubated for 60 min at 37 Њ C. Plates were rinsed three times. 50 l of sample (neat, and 1:10) were added, followed by incubation for 1 h at 37 Њ C. Plates were washed three times, 50 l/well of biotinylated polyclonal rabbit anti-IL-8 (3.5 ng/ l in PBS, pH 7.5, 0.05% Tween-20, and 2% FCS) added, and plates incubated for 45 min at 37 Њ C. Plates were washed three times, streptavidin-peroxidase conjugate (Bio-Rad Laboratories, Richmond, CA) added, and the plates incubated for 30 min at 37 Њ C. Plates were washed again and chromogen substrate (Bio-Rad Laboratories, Richmond, CA) added. The plates were incubated at room temperature to the desired extinction, and the reaction terminated with 50 l/well of 3 M H 2 SO 4 solution. Plates were read at 490 nm in an automated microplate reader (Bio-Tek Instruments, Inc., Winooski, VT). Standards were dilutions of recombinant IL-8 from 100 ng/ml to 1 pg/ml (50 l/well). This method consistently detected IL-8 concentrations greater than 50 pg/ml in a linear fashion. Tumor samples were run in parallel for total protein (TP) content (Pierce, Rockford, IL), and results were expressed as ng of IL-8 per mg total protein.
FACS analysis for human CD49b (A549 lung metastases).
Before removal, lungs from human NSCLC tumor bearing animals were perfused with normal saline, and dissected free of the thoracic cavity. The right lung was minced, and incubated for 1 h in digestion media (RPMI with 0.02% collagenase type IV, and 0.1 mg of bovine pancreas grade II DNaseI). Cells were further separated by repeatedly aspirating the cell suspension through a 20-ml syringe. Cells were then pelleted at 600 g for 10 min, resuspended in sterile water for 30 s to lyse remaining RBCs, washed in 1 ϫ PBS, and resuspended in complete media with 5% FCS. Cells were counted, transferred at a concentration of 5 ϫ 10 6 cells/ml to fluorescent antibody buffer (1% FA buffer [Difco No. 2314-15], 1% FCS, and 0.1% azide), and maintained at 4 Њ C for the remainder of the staining procedure. 100 l of cells were labeled with FITC conjugated rat anti-human CD49b (1 g Pharmingen, San Diego, CA). This antibody recognizes the ␣ 2 portion of the ␤ 1 -integrin, VLA-2, a marker previously found to be expressed by A549 and Calu 1 cells (19) . FITC-conjugated rat IgG was used as a control antibody. Unbound antibody was washed with FA buffer and the cell suspension was analyzed with FACS (Becton Dickinson). The data were expressed as the percentage of cells staining positively with anti-human CD49b.
Statistical analysis. The studies involved a minimum of six human NSCLC/SCID mouse chimeras at each time point or for each manipulation. Groups of data were evaluated by analysis of variance to indicate groups with significant differences. Data that appeared statistically significant were compared by Student's t test for comparing the means of multiple groups, and were considered significant if p values were less than 0.05. Results were presented as means Ϯ SEM. Data was analyzed by Macintosh IIfx computer using Statview II statistical software package (Abacus Concepts, Inc.).
Results
Human NSCLC cell lines constitutively produce IL-8 that does not function as an autocrine growth factor. A549 and Calu 1 human NSCLC cell lines were cultured in a time-dependent manner. Conditioned media was harvested and assessed for the presence of IL-8 by ELISA. Antigenic IL-8 was produced in a temporal manner from both A549 and Calu 1 cells, with maximal levels of IL-8 seen at 96 h (Fig. 1) . The A549 cells at 96 h were found to produce 5.6-fold greater levels of IL-8 than the Calu 1 cells (122.0 Ϯ 10.1 vs. 21.9 Ϯ 1.0 ng/ml, P ϭ 0.0002). To determine whether IL-8 was an autocrine growth factor for these cell lines, A549 and Calu 1 cells were cultured in the presence of either recombinant IL-8, neutralizing antibodies to IL-8, or control antibodies for 24 and 72 h (Table I) . Neither the addition of exogenous IL-8, nor the neutralization of endogenous IL-8 altered cell proliferation, as compared to appropriate controls ( P Ͼ 0.2). These findings suggested that human NSCLC cell lines constitutively produce IL-8 that does not function as an autocrine growth factor for cellular proliferation.
The production of IL-8 during tumorigenesis of human NSCLC in SCID mice directly correlates with tumor growth. While the above experiments suggested that IL-8 was constitutively produced by human NSCLC cells in vitro, we postulated that IL-8 may be acting in vivo to support tumorigenesis. To test this hypothesis, SCID mice were inoculated with either A549 or Calu 1 cells (10 6 cells/flank) and killed weekly beginning with the second and third week of tumor growth, respectively. The experiments using A549 cells were terminated at 8 wk due to morbidity noted in the animals secondary to tumor burden. As shown in Fig. 2 I , there was a progressive increase in tumor size in A549 bearing animals beginning at weeks 2 through 8. In contrast, animals bearing Calu 1 tumors demonstrated little growth until week 8 (Fig. 2 I ) . The production of IL-8 from A549 tumors increased in direct correlation with tumor size ( r 2 ϭ 0.90), and levels were maximal at 6-8 wk of growth (Fig. 2 II ) . In contrast, the production of IL-8 by Calu 1 tumors was delayed, yet correlated with tumor size ( r 2 ϭ 0.76) (Fig. 2 II ; tumor n ϭ 12) . The size of the A549 and Calu 1 tumors correlated highly with their mass ( r 2 ϭ 0.91, data not shown). A549 (adenocarcinoma) tumors produced markedly greater levels of IL-8 (1.2 Ϯ 0.2 vs. ‫ف‬ 0 ng/mg total protein) and were 50-fold larger in size (279 Ϯ 26 vs. 5.6 Ϯ 1.4 mm 2 ) than Calu 1 (squamous cell carcinoma) tumors by 8 weeks (Fig. 2, I and II ). Plasma levels of IL-8 from both A549 and Calu 1 tumor bearing animals paralleled the production of IL-8 from the primary tumors and was maximal in A549 tumor bearing animals (1.14 Ϯ 0.21 ng/ml) at 7 weeks (Fig. 3) . H&E staining of A549 tumors demonstrated a paucity of infiltrating neutrophils (Fig.  4 I A) . Immunohistochemistry of IL-8 within both the primary and metastatic (lung) A549 tumors localized to the tumor cells (Fig. 4, I C and II C, respectively) . There was no evidence of nonspecific staining using the control antibodies in either the primary or metastatic tumors (Fig. 4, I B and II B, respectively ). These results demonstrate that the magnitude of IL-8 production directly correlates with tumor growth and not with the tumor infiltration of leukocytes. , tumor n ϭ 12 in each group; P Ͻ 0.01 for anti-IL-8 treated vs. control antibody or untreated tumors). The degree of neutrophil infiltration in the tumors was small, with no significant difference noted between anti-IL-8 treated mice (3.2Ϯ0.4 neutrophils per HPF) and control antibody treated mice (4.1Ϯ0.5 neutrophils/HPF, P ϭ 0.14). IL-8 was undetectable by ELISA in the anti-IL-8 treated mice (data not shown). There was no significant difference in tumor size between the control antibody treated and untreated groups. Interestingly, using FACS analysis of human VLA-2 from the lungs of A549 tumor bearing mice, we found a trend toward a reduction in the number of metastatic cells in animals treated with neutralizing antibodies to IL-8 (Table II) .
Neutralization of IL-8 during tumorigenesis of A549 tumors in SCID mice
Neutralization of IL-8 reduces NSCLC angiogenic activity and vascularity. To further determine the mechanism of growth inhibition, we directly evaluated angiogenic activity from A549 tumors of animals that had been treated in vivo with either control or neutralizing anti-IL-8 antibodies for six weeks. The previously well-characterized corneal micropocket model in the rat was used (15) (16) (17) . Tumor homogenates were normalized to total protein, incorporated into Hydron pellets, and embedded into the normally avascular rat cornea (Fig. 6) . Five of the six A549 tumor samples from control antibody treated animals induced positive corneal angiogenic responses. In contrast, four of six A549 tumor samples from anti-IL-8-treated animals induced no corneal neovascular responses, with the remaining two inducing only weak angiogenic activity. Importantly, there was no infiltration of the corneal tissue by inflammatory cells in any of the test samples, suggesting that the angiogenic responses were mediated entirely by factors present in tumor tissue, rather than by products of infiltrating inflammatory cells. To further confirm that decreased angiogenic activity correlated with a reduction in tumor vascularity, vessel density was quantified from A549 tumors of SCID mice treated with either control or neutralizing IL-8 antibodies. A representative photomicrograph of Factor VIII immunolocalization of tumor vessels is shown in Fig. 7 . Tumor vessel density in animals passively immunized with neutralizing IL-8 antibodies was significantly lower than in tumors of control antibody treated animals (4.5Ϯ0.4 vs. 10.7Ϯ0.4 vessels per HPF, P Ͻ 0.0001) (Table III) . These studies demonstrated that a primary angiogenic signal for A549 tumor neovascularization in vivo was directly mediated by tumor-associated IL-8.
Discussion
IL-8 is a member of the CXC family of chemotactic cytokines. In monomeric forms the CXC chemokine family ranges in mass from 7-10 kD and are characteristically basic, heparinbinding proteins. These chemokines display four highly con- served cysteine amino acid residues, with the first two cysteines separated by a nonconserved amino acid residue. The CXC chemokines are all clustered on human chromosome 4 (q12-q21) and exhibit between 20 and 50% homology on the amino acid level (20). Over the last two decades, in addition to IL-8, several human CXC chemokines have been identified and include platelet factor-4 (PF4), NH 2 -terminal truncated forms of platelet basic protein [connective tissue activating protein-III (CTAP-III), beta-thromboglobulin (␤-TG), and neutrophil activating protein-2 (NAP-2)], growth-related oncogene alpha (GRO-␣), GRO-␤, GRO-␥, interferon-␥-inducible protein 10 (IP-10), monokine induced by interferon-␥ (MIG), epithelial neutrophil activating protein-78 (ENA-78), and granulocyte chemotactic protein-2 (GCP-2) (21-23). The ubiquitous nature of IL-8 production by a variety of cells (14, (24) (25) (26) (27) (28) (29) (30) suggests that this chemokine may play a role in mediating biological events other than leukocyte chemotaxis.
Our laboratory and others have found that IL-8 is a potent angiogenic factor (8) (9) (10) . Recombinant IL-8 mediates both endothelial cell chemotactic and proliferative activity in vitro and angiogenic activity in vivo (8, 9) . We found that IL-8-induced similar angiogenic activity as TNF-␣, aFGF, bFGF, angiogenin, angiotropin, and vascular endothelial cell growth factor (VEGF) (8, 31) . Although a specific endothelial receptor(s) has not been discovered for the activity of IL-8-induced neovascularization, indirect evidence would suggest that the endothelial receptor for IL-8 is the IL-8 receptor B (IL-8RB). In support of this contention are the following findings: (a) While endothelial cells have been found to express IL-8 recep- Figure 6 . A representative (n ϭ 6) photomicrograph of the corneal neovascular response to A549 tumors (6 wk) from SCID mice treated with either control (preimmune) antibodies or neutralizing anti-IL-8 antibodies. A and B are 25ϫ and 50ϫ views, respectively, of corneas containing Hydron pellets of A549 tumor homogenates from SCID mice treated with control antibodies. C and D are 25ϫ and 50ϫ views, respectively, of corneas containing A549 tumor homogenates from SCID mice treated with neutralizing anti-IL-8 antibodies. All tumor homogenates were standardized to equivalent total protein before incorporation into Hydron pellet.
tor A mRNA by RT-PCR, both IL-8 and NAP-2 could compete for binding on endothelial cells (32) . However, only IL-8, not NAP-2, can bind to IL-8RA (33) . (b) IL-8RB on neutrophils binds certain CXC chemokines (CXC chemokines bearing the Glu-Leu-Arg [ELR] motif immediately preceding the first cysteine amino acid residue of the primary sequence) with high affinity (23, 33, 34) , and we have found that all ELR-CXC chemokines are angiogenic (35) . (c) While the Duffy antigen receptor for chemokines has been identified on post-capillary venule endothelial cells (36) , this receptor binds not only ELR-CXC chemokines, but also CC chemokines, monocyte chemoattractant protein-1 (MCP-1) and regulated on activation normal T cell expressed and secreted (RANTES) (36) .
We have found that these latter two CC chemokines are not chemotactic for endothelial cells (unpublished observations).
(d) human burn tissue 2-12 d after injury has been found to express IL-8RB associated with capillary endothelial cells in areas of neovascularization (37) . Nevertheless, further studies will be required to delineate the specific endothelial cell receptor(s) accounting for the angiogenic activities of IL-8 on both human and murine endothelium. Previous studies have demonstrated that human neoplastic cell lines may directly elaborate IL-8 (14, (38) (39) (40) . In addition, we have demonstrated significantly elevated levels of IL-8 from freshly isolated human NSCLC tumors that account for 42-80% of their angiogenic activity, as determined by bioassays of angiogenesis (11) . This suggests that tumor production of this potent angiogenic factor may be crucial for the neovas- cularization necessary to initiate and maintain tumor growth. While this was the first demonstration that IL-8 was a primary mediator of angiogenic activity in human NSCLC, these observations were limited by the fact that they were derived from examining tumors at a single point in time.
Despite the association of various angiogenic factors with diverse tumors, data on their temporal expression and contribution to tumor-derived angiogenic activity during tumorigenesis has not been fully elucidated. The human NSCLC/SCID mouse model provides the unique opportunity to examine the kinetics of human NSCLC tumorigenesis and metastasis in relation to the production of specific angiogenic factors. In this study, we demonstrated that two NSCLC cell lines, A549 (adenocarcinoma) and Calu 1 (squamous cell carcinoma), constitutively produce IL-8 in vitro, and were found in vivo to generate IL-8 in a time-dependent manner that directly correlated with the rate of tumor growth. Immunohistochemistry demonstrated that IL-8 protein was localized to the human tumor cells, consistent with the inability of murine cells to produce IL-8, as well as the lack of cross-reactivity of our antibodies with murine homologues of CXC chemokines (13) .
The paucity of neutrophil infiltration within the tumors, despite an appropriate chemotactic signal and the ability of murine neutrophils to respond to human IL-8 (41), remains perplexing. This lack of neutrophil infiltration in these tumors is similar to our previous observations of freshly isolated human NSCLC tumors (11) . The relative absence of neutrophil infiltration in NSCLC may reflect the attenuation of inflammatory cell chemotactic signal by other tumor-derived factors. Our recent description of the production of interleukin-1 receptor antagonist and IL-10 by human NSCLC lends support to this concept (42, 43). Alternatively, the presence of IL-8 in circulation (plasma) of SCID mice that parallels the tumor production of IL-8, may simulate a phenomenon recently described in the IL-8 transgenic mouse (41). In this model, human IL-8 overexpression has been associated with increased circulating levels of IL-8, similar to what we have observed in the human NSCLC/SCID mice during tumorigenesis. These levels correlated with a proportional decrease in L-selectin expression (41). The IL-8 transgenic mice demonstrated a defect (50% reduction) in neutrophil recruitment to the peritoneal cavity after intraperitoneal injection of either exogenous IL-8 or thioglycollate (41). While the IL-8 transgenic mouse model exemplifies the importance of localized production of IL-8 in order to establish a chemotactic gradient and target leukocytes to sites of inflammation, our study establishes a potential mechanism whereby the tumor may evade an innate host response by releasing sufficient IL-8 into the circulation and attenuating neutrophil extravasation at the site of the tumor. Studies in our laboratories are currently addressing the mechanisms involved in these events.
These studies demonstrate that a significant angiogenic signal for human NSCLC neovascularization in association with tumorigenesis is directly mediated by tumor-associated IL-8. Several investigators have used histologic identification of microvessels to quantify vascular density within tumors and found that this correlated with prognosis and metastatic potential (44) (45) (46) . When A549 tumor bearing animals were passively immunized with neutralizing IL-8 antibodies, we found a 58% reduction in tumor vascularity, as compared to control antibody treated mice. Additionally, we found that passive immunization with neutralizing IL-8 antibodies led to a reduction in tumor-derived angiogenic activity as assessed by the corneal neovascularization assay. The finding that IL-8 was not an autocrine growth factor for the NSCLC cell lines was important and further substantiated that the biological effect of IL-8 during tumorigenesis was due to promotion of angiogenesis and not cellular proliferation.
Interestingly, neutralization of IL-8 also resulted in a trend toward a reduction in spontaneous lung metastasis. Although these findings did not reach statistical significance, the results are in agreement with the observations of Singh and associates (47) , who found that the expression of IL-8 mRNA correlated with the metastatic potential of melanoma cell lines. While IL-8 has been found to be an autocrine growth factor for melanoma cells (40) , our results demonstrating the function of IL-8 as an angiogenic factor for human NSCLC cells would suggest an additional explanation for the promotion of metastases of melanoma cells. Characteristics of an ideal factor to facilitate tumorigenesis and metastasis would include the ability to induce autocrine and paracrine growth was well as neovascularization.
Although our studies support the role of IL-8 as an important angiogenic factor during tumorigenesis of human NSCLC, we were unable to fully inhibit the growth of NSCLC. Other members of the CXC chemokine family may be produced by human NSCLC cells that can function in mediating neovascularization. Interestingly, PF4, IP-10, and MIG, are three members of the CXC chemokine family that are angiostatic factors, while NAP-2, ENA-78, GCP-2, GRO-␣, ␤, and ␥ are CXC chemokines that are angiogenic (35, (48) (49) (50) . This suggests that members of the CXC chemokine family can function as either angiogenic or angiostatic factors in regulating neovascularization. A549 cells, in addition to IL-8, have previously been found to produce ENA-78, GRO-␣, and ␤(51). Furthermore, in light of numerous molecules that can induce neovascularization, we can not exclude that other non-CXC chemokine angiogenic factors may contribute to angiogenesis during human NSCLC tumorigenesis. Kim and colleagues (52) , have demonstrated that VEGF plays an important role as an angiogenic factor in supporting tumorigenesis of rhabdomyosarcoma, glioblastoma, and leiomyosarcoma cell lines in the nude mouse. However, similar to our findings with neutralizing anti-IL-8 antibodies, anti-VEGF antibodies did not fully suppress tumor growth in their model system.
In conclusion, our results support the notion that IL-8 is a pivotal mediator of tumor-mediated angiogenesis, and suggests that tumor production of this potent angiogenic factor may be crucial for the neovascularization necessary for the ini- Vessels were counted in 30 high power fields (HPF; 400ϫ) from three tumors of each treatment group (P ϭ 0.0001).
tiation and maintenance of NSCLC tumor growth. These findings have implications for the ultimate development of specific and targeted novel therapy aimed at attenuating the production of IL-8 during tumorigenesis of NSCLC.
